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Abstract 
Organo-montmorillonites (OMts) modified by cationic surfactant (hexadecyltrimethylammonium 
bromide, C16) and zwitterionic surfactant (hexadecyldimethyl (3-sulphonatopropyl) ammonium, Z16) 
were used to remove phenol and Cu(II) from aqueous solution. The OMts were characterized by X-ray 
diffraction (XRD), Thermogravimetric analysis (TG), Fourier-transform infrared spectroscopy (FTIR), 
X-ray fluorescence (XRF), and C, H, and N elemental analyses. Besides the independent adsorption of 
single contaminants, simultaneous and sequential adsorption of phenol and Cu(II) onto OMts were also 
investigated. The organic carbon contents of the two OMts were similar but the basal spacing of Z16 
modified montmorillonite (Z16-Mt) was larger than that of C16 modified montmorillonite (C16-Mt) 
indicating a higher packing density of surfactant and hydrophobicity in C16-Mt with a slight higher 
adsorption capacity towards phenol. On the other hand, C16-Mt showed much lower capacity in 
adsorbing Cu(II) as compared with raw montmorillonite. On the contrary, the adsorption capacity of 
Z16-Mt toward Cu(II) was comparable with that of raw montmorillonite. The equilibrium data of phenol 
and Cu(II) were fitted satisfactorily with Linear and Langmuir models, respectively. In the sequential 
adsorption system, the adsorption of one contaminant was not affected by the other pre-adsorbed one; 
desorption of pre-adsorbed contaminant was also investigated. For both two contaminants, one did not 
affect the adsorption of the other one onto Z16-Mt and C16-Mt in the simultaneous system. Z16-Mt 
could rapidly and efficiently remove both phenol and Cu(II) simultaneously. The adsorption kinetics 
followed the Pseudo-second order model. The results of this work might provide novel information for 
developing new effective adsorbents towards organic contaminants and heavy metals. 
Keywords: organo montmorillonite; zwitterionic surfactant; adsorption; phenol; heavy metals
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1. Introduction 
Because of industrial and agricultural activities, soil or wastewater in the environment contains various 
organic contaminants (such as aromatic organic compound) and heavy metal contaminants. Removal 
of both contaminants has high priority due to their harmful effects on humans and the environment. The 
treatment of soil and water contaminated with mixed wastes poses a significant challenge because heavy 
metals and organic contaminants have different fate and transport mechanisms [1, 2].  As cost effective, 
efficient and sustainable adsorption materials, clay minerals were recognized as practical and versatile 
template materials to treat a wide range of contaminants [3-5].  
Montmorillonite, a kind of natural abundant clay mineral, has been widely used in environmental 
remediation because of its excellent swelling capacity, large specific surface area and high cation 
exchange capacity [3-5]. It is naturally able to efficiently adsorb heavy metals from water through cation 
exchange of its original cations in interlayer space [5-7]. Organic modification is another important 
method in using montmorillonite for environmental remediation [8-11]. Cationic surfactants, such as 
quaternary ammonium cations (QACs), are commonly used to prepare organo- montmorillonites 
(OMts), which are proved to be an excellent hydrophobicity material and could be used as efficient 
adsorbents for organic contaminants [5, 11-14]. Unfortunately, after modification with QACs, the 
adsorption capacity of OMt towards heavy metals dramatically decreases as compared with raw 
montmorillonites since the interlayer QACs are not readily exchangeable or the hydrophobic interlayer 
environment of OMt restrains the adsorption toward the hydrated metal cations [9].  
Previous studies have showed that the type of organic modifier used can remarkably influence the 
structure and adsorptive behavior of OMt [15-18]. Thus, if the surfactant for intercalating into 
montmorillonite contains an anionic functional group, such as zwitterionic surfactant, the resultant OMt 
might serve as an efficient adsorbent of both organic contaminants and heavy metals [9]. Sulfobetaine 
containing both positively charged (quaternary ammonium) and negatively charged (sulfonate) groups 
is a type of zwitterionic surfactant. Besides being highly water-soluble, biodegradable and biologically 
safe, sulfobetaine can retain its zwitterionic character over a broad pH range and readily intercalate into 
the interlayer space of montmorillonite [19].  It might therefore be expected that this novel OMt, 
intercalated with zwitterionic surfacetant, can simultaneously remove organic contaminants and heavy 
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metals in one step. Besides simultaneous adsorption, the adsorption capacity of recycled OMt toward 
the other type of contaminant is also very meaningful for industrial application.  
Comparative experimental work between cationic and zwitterionic surfactant modified montmorillonite 
is still needed to better understand how to functionalize OMt for environmental applications. Therefore, 
in this work, OMts modified by both cationic (hexadecyltrimethylammonium bromide, C16) and 
zwitterionic (hexadecyldimethyl (3-sulphonatopropyl) ammonium, Z16) surfactants (Fig. 1) were 
investigated to reveal the structural information, which is very important to understand the adsorption 
mechanism well. Phenol and Cu(II) were selected as examples of organic contaminants and heavy metal 
ions, respectively, since they are common contaminants in the environment. Besides the adsorption of 
single contaminants, simultaneous and sequential adsorption of phenol and Cu(II) onto both OMts were 
also studied. The results of this work might provide novel information for developing new effective 
OMts adsorbents towards organic contaminants and heavy metals. 
 
2. Materials and methods 
2.1 Materials 
The calcium-rich montmorillonite (Ca-Mt; purity > 95%) was obtained from Inner Mongolia, China. 
The cation exchange capacity (CEC) is 110.5 meq/100 g. The C16 and Z16 surfactants (Fig. 1), with a 
purity of 99%, were purchased from Nanjing Robiot Co. Ltd. Phenol was purchased from Shanghai 
RichJoint Chemical Reagents Co. Ltd. and Cu(NO3)2·3H2O was purchased from Guangzhou Chemical 
Reagent Factory. All chemicals were of analytical grades and used without further purification.  
2.2 Preparation of organo-montmorillonites 
OMts were prepared by dissolving a given amount of surfactant into distilled water at 60 ºC under 
stirring for 0.5 h, and then adding a 10 g of montmorillonite. The amount of surfactants added was 
equivalent to the CEC of montmorillonite and the mass ratio of water/clay was 20:1. The mixture was 
stirred for 12 h at 60 ºC, and then the products were collected by centrifugation, washed 8 times with 
distilled water, and freeze-dried for 48 h. The products prepared by C16 and Z16 surfactants are denoted 
as C16-Mt and Z16-Mt, respectively.  
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2.3 Characterization of adsorbents 
Powder X-ray diffraction (XRD) patterns were recorded on a Bruker D8 Advance diffractometer with 
Ni-filtered CuKα radiation (λ = 0.154 nm, 40 kV and 40 mA) with a 0.01 2θ step size and a 0.65 s 
counting time with 2.3° Soller slits, 1.0 mm divergence slit and 0.1 mm receiving slit. Samples used for 
XRD were random powder. 
Thermogravimetric analysis (TG) was performed on a Netzsch STA 409PC instrument. The samples 
were heated from 30 to 1000 °C at a rate of 10 °C/min under a flow of high-purity nitrogen (60 mL/min). 
The differential thermogravimetric (DTG) curves were directly derived from the corresponding TG 
curves.  
Major elemental analysis was conducted on a Rigaku RIX 2000 X-ray fluorescence (XRF) spectrometer. 
Calibration lines used in quantification were obtained through bivariate regression of data from 36 
reference materials encompassing a wide range of silicate compositions, giving a standard error of 1-
5%. The C, H, and N elemental microanalyses were performed in an Elementar Vario EL III Univeral 
CHNOS Elemental Analyzer.  
Fourier-transform infrared (FTIR) spectra of the samples were obtained using pressed KBr disks and a 
Bruker VERTEX 70 spectrometer. The disks were prepared by pressing a mixture of powdered sample 
(0.9 mg) and KBr (80 mg). All spectra were recorded at room temperature over the range of 4000-400 
cm-1 with a resolution of 4 cm-1 and 64 scans. 
The amounts of water adsorbed on all samples were determined under the saturated water vapor pressure 
for 72 h at room temperature. All samples were dried at 105 °C for 24 h before the tests were conducted. 
The water-vapour adsorption capacities were calculated from the change in mass of samples. 
2.4 Adsorption experiments 
The adsorption experiments included three different systems: (1) adsorption of a single contaminant; 
(2) simultaneous adsorption of two contaminants; (3) sequential adsorption of two contaminants. For 
system #1, the adsorption of phenol or Cu(II) on samples was measured with an initial concentration of 
25–175 mg/L and 20–140 mg/L for phenol and Cu(II), respectively. For system #2, both phenol and 
Cu(II) were adsorbed simultaneously on two OMts. The initial concentration of one contaminant was 
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set as the same as that in system #1, the other one was kept as a constant - 150 mg/L for phenol or 60 
mg/L for Cu(II). The kinetic experiments were also carried out at initial concentrations of 150 mg/L and 
60 mg/L for phenol and Cu(II), respectively, in system #2. System #3 was a continuation of system #1. 
The reaction products were separated by centrifugation when the adsorptions in system #1 were finished, 
then after the supernatant was removed, the other contaminant was added for adsorption. The initial 
concentration of the second contaminant was constant, 150 mg/L and 60 mg/L for phenol and Cu(II), 
respectively. 
Batch experiments were performed to investigate the adsorption capacities of OMts from aqueous 
solutions. In all three systems, 0.1 g of the prepared adsorbents were combined with 20 mL solutions 
containing different concentrations of phenol and Cu(II) in a 50 ml polypropylene centrifuge tube. The 
tubes were continuously agitated on a shaker for 24 h at 160 rpm and 25 °C, and then centrifuged at 
9000 rpm for 20 min to separate the reaction products. The initial pH of phenol and Cu(II) was adjusted 
to ~5.0 (±0.05) using HCl and KOH in equilibration and kinetic measurements. The concentration of 
phenol in the supernatant was analysed on a UV-Vis spectrophotometer (Perkin Elmer LAMBDA 850) 
at a wavelength of 270 nm, and that of Cu(II) was determined by atomic absorption spectrometry 
(Perkin Elmer AAnalyst 400). The concentration of calcium in the supernatant after the adsorption of 
Cu(II) onto Z16-Mt was measured on inductively coupled plasma atomic emission spectroscopy (Varian 
Vista Pro CCD Simultaneous ICP-AES). All the adsorption experiments were conducted in duplicate.  
2.5 Desorption experiments 
Desorption studies were conducted by removing the supernatant after the adsorption equilibrium, 
replacing the solution with an equal volume of 0.01 M KNO3 solution at pH 5, and then shaking for 24 
h. These steps were repeated three times and the concentrations of phenol and Cu(II) in the supernatant 
after each desorption cycle were determined. The initial concentrations of adsorption were 150 mg/L 
for phenol and 140 mg/L for Cu(II). 
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3. Result and discussion 
3.1 Characterization of organo-montmorillonites 
The raw Ca-Mt had a basal spacing of 1.51 nm (Fig. 2), which expanded after surfactants modification. 
The d001 values of C16-Mt and Z16-Mt increased to 2.22 and 4.45 nm, respectively (Fig. 2), indicating 
the successful intercalation of surfactants. The intercalation of Z16 gave lager basal spacing than that 
of C16. Elemental analysis results (Table 1), however, showed that the carbon content of C16-Mt 
(20.10%) was comparable with that of Z16-Mt (19.88%), suggesting that the loaded amounts of 
surfactants on both OMts were similar. The different basal spacings and similar surfactant contents gave 
rise to different packing density (ρ) of the intercalated surfactants (Table 1), which influenced the 
hydrophobicity and adsorption capacity of OMt toward organic contaminants [20-22]. In this study, the 
hydrophobicity of OMt was deduced from the adsorption of water vapor on samples. After modification 
of surfactants, the water-vapor adsorption capacities of OMt dramatically decreased from 142.14 mg/g 
for Ca-Mt to 19.05 and 34.48 mg/g for C16-Mt and Z16-Mt, respectively (Table 1). The amount of 
adsorbed water vapor on C16-Mt was less than that on Z16-Mt. This observation may be explained in 
terms of the transformation of Mt from being hydrophilic to hydrophobic, following treatment with 
surfactants and the higher hydrophobicity of C16-Mt than that of Z16-Mt.  
The TG curves of OMt show two major mass losses (Fig. 3); the mass loss below 200 °C was due to 
removal of water molecules associated with interparticle and interlayer surfaces, while that at 200–
500 °C was ascribed to decomposition of intercalated surfactants [23, 24]. Compared to that of raw Mt, 
the TG curves of OMts show a marked decrease in the low-temperature mass loss from adsorbed water 
(Fig. 3), and this mass loss of C16-Mt was less than that of Z16-Mt (Table 1), which was consistent 
with the results of water-vapor adsorption. Mass losses of OMts at the temperature range of 200–500 °C 
were similar (Table 1), suggesting the comparable surfactant contents of OMt.  
The intense absorption bands at ~ 2920 and 2850 cm-1 in the IR spectra of C16 (Fig. 4) and Z16 (Fig. 
4) are assigned to antisymmetric (vas) and symmetric stretching (vs) vibrations of CH2 groups, 
respectively [25-27]. Absorption at these wavenumbers is indicative of highly ordered chains with the 
methylene groups adopting an all-trans conformation, while the relatively disordered gauche 
conformation gives rise to bands at higher wavenumbers [25]. The position of the vas(CH2) and vs(CH2) 
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bands of C16-Mt (2920 and 2850 cm-1, respectively) were similar to that of the same bands in the pure 
C16 (Fig. 4), indicating the high all-trans/gauche conformer ratio of the intercalated surfactant [28, 29]. 
On the contrary, for Z16-Mt the vas(CH2) band at 2924 cm-1 and the vs(CH2) band at 2852 cm-1 shifted 
to the higher wavenumbers than that of same bands in the pure surfactant, suggesting that the methylene 
chain conformation in the zwitterionic surfactant became relatively disordered on Mt. Also, this was 
supporting evidence that the loaded zwitterionic surfactant was distributed with a low packing density 
[26], which was consistent with the result of calculation (Table 1).  
FTIR absorption bands between 1450 and 1490 cm-1, corresponding to methylene scissoring vibrations, 
are sensitive to surfactant chain interactions as well as the diagnostic of alkyl chain packing [30-32]. 
The spectrum of pure C16 shows a doublet at 1475 and 1463 cm-1 (Fig. 4), indicating intermolecular 
interaction between the two adjacent hydrocarbon chains in a perpendicular orthorhombic subcell [30, 
31]. Intercalation of C16 in Mt gave rise to a single band (instead of a doublet) at 1470 cm-1 in the 
spectrum of C16-Mt. The spectrum of Z16-Mt only showed a single band at 1469 cm-1, which was 
similar to that in pure Z16.  
Variations in the Ca content of the samples were also considered, which were deduced from changes in 
the Ca/Si ratio since surfactant intercalation would not affect the amount of Si in the layer structure 
(Table 1). The calcium content of C16-Mt was lower than the detection limit of the instrument (0.007%), 
indicating that the vast majority of calcium ions in Ca-Mt had been exchanged by the intercalated C16 
surfactant cations after modification. For the Z16-Mt, however, the Ca/Si ratio (0.049) was comparable 
with that of the parent Ca-Mt (0.048). The modification of the zwitterionic surfactant had little, if any, 
effect on the Ca content of Z16-Mt. Since carrying both a cationic and an anionic group, the Z16 
molecule is neutral (electrically balanced). After Z16 intercalation, calcium cations still existed to 
balance the charges in the interlayer space of Z16-Mt. 
 
3.2 Adsorption in single system 
3.2.1 Adsorption of phenol 
The adsorption isotherms of phenol and Cu(II) to modified adsorbents are presented in Fig. 5. Phenol 
is weakly acidic and its pKa is 9.95 in aqueous solution. The initial pH of adsorption test in this work 
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was ~5 and values of equilibrium pH were below 6. Therefore, phenol molecules were almost existed 
as no-ionic organic compounds (NOCs) in the pH range of adsorption tests. Previous literatures have 
reported that the adsorption capacities of raw montmorillonite towards NOCs were very low [5, 33]. 
This work also found that adsorption of phenol to Ca-Mt was negligible; thus the adsorption isotherm 
was not plotted in Fig. 5a. 
The adsorption isotherms of phenol showed that both C16-Mt and Z16-Mt could efficiently remove 
phenol from water (Fig. 5a). The adsorption capacity of phenol onto C16-Mt was higher than that onto 
Z16-Mt. The linear adsorption equation (Qe = KdCe) was used to fit the adsorption isotherms, and from 
the R2 values, it showed that the linear equation fitted the adsorption isotherms well (Table 2). From the 
slopes of these equations, the adsorption coefficient Kd could be calculated, which was determined by 
the ratio of adsorbent bound solutes to mobile portion in solution [22, 34, 35]. The calculated Kd value 
of C16-Mt was larger than that of Z16-Mt (Table 2). Adsorption of NOCs to surfactant-modified 
adsorbents has been generally considered as a partition process [20, 22, 34, 35]. That is, the NOCs are 
partitioned into the surfactant alkyl chain formed organic phases. Thereby, the organic carbon content 
normalized by adsorption coefficient (Koc=Kd/foc) has been suggested to be a more proper parameter for 
evaluating the adsorption efficiency of surfactant modified adsorbents [20, 22, 34, 35]. The calculated 
Koc value of C16-Mt was also lager than that of Z16-Mt (Table 2). This finding suggested that the 
adsorption capacity of C16-Mt towards phenol was larger than that of Z16-Mt, and this also implied 
that the organic phase formed by C16 had better affinity towards phenol than Z16 in the interlayer space 
of montmroillonites, which was consistent with the calculated packing density results.  
 
3.2.2 Adsorption of Cu(II) 
Adsorption isotherms of Cu(II) on OMts were compared in Fig. 5b. In order to better understand the 
adsorption of Cu(II) on OMts, Langmuir (Eq. 1) and Freundlich isotherm (Eq. 2) models were used to 
quantitatively descript the adsorption isotherm of Cu(II) (Table 3).  
ܳ௘ ൌ ܳ௠ ௄ಽ஼೐ଵା௄ಽ஼೐  (1) 
ܳ௘ ൌ ܭிܥ௘
భ
೙  (2) 
10 
 
Where Qm is the maximum adsorption capacity, KL is the Langmuir constant, and KF and n are the 
constants of the Freundlich adsorption isotherm. As indicated by the R2 values (Table 3), the adsorption 
isotherms of Cu(II) on Ca-Mt and OMts are better fitted with the Langmuir model than the Freundlich 
model, indicating that the monolayer adsorption on surface with a finite number of identical sites was 
the possible adsorption model for Cu(II) uptake [36]. Adsorption capacities of OMts toward Cu(II) in 
the descending order of Qm (mg/g) are Ca-Mt ≈ Z16-Mt > C16-Mt  in the single adsorption system. 
The raw montmorillonite (Ca-Mt) can efficient remove Cu(II) via cation exchange reaction between 
Ca2+ and Cu2+[5-7]. After modified by cationic surfactant, however, the adsorption capacity of C16-Mt 
towards Cu(II) was dramatically decreased (Fig. 5b), presumably because the copper cations cannot 
effectively exchange with lager, surfactant cations [1, 9]. Copper cations might be mostly adsorbed on 
the edge site of montmorillonite layers [37].  
Being different from C16-Mt, however, Z16-Mt can effectively remove Cu(II) from water (Fig. 5b). 
The Qm parameter of Z16-Mt was much larger than that of C16-Mt and comparable with that of Ca-Mt 
(Table 3). Interestingly, evident release of calcium ions from interlayer spacing of Z16-Mt was 
accompanied with the adsorption of Cu(II) onto Z16-Mt (Fig. 6). The amount of released calcium ions 
was increased with the increasing amount of adsorbed Cu(II) (Fig. 6), indicating that copper ions were 
adsorbed by Z16-Mt via cation exchange between Ca2+ and Cu2+. In other word, the electrostatic 
attraction between copper ions and negatively charged groups of Z16 should be responsible for the 
adsorption of Cu(II) on Z16-Mt. The amount of adsorbed Cu(II) was slightly larger than that of released 
calcium ions, since a small part of copper ions adsorbed on the edge sites of Z16-Mt layers.  
 
3.2.3 Effect of pH 
The influence of solution pH on both phenol and Cu(II) adsorptions was studied (Fig. 7). In a wide pH 
range from 2.5 to 9, the adsorptions of phenol on both OMts were not affected by the increase of pH. 
When pH was above 10, however, the adsorption capacities of OMts decreased, which might due to the 
phenol ionization, giving the phenolate anion (C6H5O-). In the case of Cu(II), the adsorption of Cu(II) 
on OMts increased with the increase of pH. The lower metal adsorption at lower pH can be explained 
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by the competitive adsorption between proton and Cu(II) ions [36]. As the solution pH increases, the 
competition decreases and the number of negatively charged sites increases, which favours the 
adsorption of Cu(II). 
 
3.3 Sequential Adsorption  
The adsorption capacity of recycled OMt towards the other contaminant and the desorption of the pre-
adsorbed contaminant were studied in the sequential adsorption system. For both contaminants, the 
adsorptions of one onto Z16-Mt and C16-Mt were not affected by the pre-adsorptions of the other one 
(Fig. 8a, c), attributed to their different adsorption sites [37].  
With the adsorption of the second contaminant, however, desorption of pre-adsorbates with varying 
degree was observed. In the pre-adsorption of Cu(II) system (“Cu-phenol” system), the desorption of 
Cu(II) from C16-Mt was much larger than that of Z16-Mt (Fig. 8b). The maximal desorption of Cu(II) 
from C16-Mt was 48%, while that from Z16-Mt was only 3.5%, which was caused by different 
adsorption sites of Cu(II) on C16-Mt and Z16-Mt. The copper ions adsorbed on the edge of layers of 
C16-Mt might be more easily desorbed than those bonded to the negatively group of Z16 in the 
interlayer space did. In the case of “phenol-Cu” system, about 51% and 71% pre-adsorbed phenol were 
desorbed from C16-Mt and Z16-Mt, respectively, with the adsorption of Cu(II). The amounts of 
desorbed phenol from Z16-Mt were larger than that from C16-Mt when the pre-adsorbed amounts of 
phenol were similar, possibly because C16-Mt had better hydrophobicity than Z16-Mt.  
 
3.4 Simultaneous adsorption 
According to the adsorption isotherms of phenol and Cu(II) in binary-solute simultaneous adsorption 
system (Fig. 5), the adsorption of phenol onto both OMts was not affected by copper, and neither did 
that of copper by phenol. This finding suggested that there was no significant competition for adsorption 
between phenol and copper, which may due to the different adsorption sites for phenol and copper. 
Phenol was partitioned into the organic phase of interlayer space, which was modified by surfactants; 
copper was mostly adsorbed on the edge site of layers for C16-Mt and via cation exchange with calcium 
for Z16-Mt. Hence, C16-Mt still showed lower adsorption capacity toward Cu(II) in simultaneous 
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adsorption, but Z16-Mt could efficiently simultaneously adsorb both contaminants. 
In order to better understand the simultaneous adsorption behaviours of phenol and Cu on Z16-Mt, 
adsorption kinetics and desorption of phenol and Cu(II) on Z16-Mt were further investigated. 
Adsorption equilibrium of both phenol and Cu(II) was achieved within 30 min (Fig S1). Both pseudo-
first (Eq. 3) and pseudo-second (Eq. 4) order models were used to analyse the adsorption of phenol and 
Cu(II) (Table 4).  
ݍ௧ ൌ 	ݍ௘ሺ1 െ eି௞భ୲ሻ	                  (3) 
௧	
௤೟ ൌ 	
ଵ
௞మ௤೐మ ൅
ଵ
௤೐ ݐ	                                       (4) 
Where qe (mg/g) and qt (mg/g) are the amount of solute adsorbed by adsorbent at equilibrium and at 
time t (min), respectively, and k1 (1/min) and k2 (g/mg·min) are the rate constants of pseudo-first and 
pseudo-second order models, respectively. Compared with the linear correlation coefficient R2, kinetic 
data for the adsorption of both phenol and Cu(II) on Z16-Mt were in good agreement with the pseudo-
second order rate equation (Table 4). The k2 values of phenol and Cu(II) adsorption were comparable 
(Table 4), indicated that Z16-Mt could adsorb both contaminants quickly. 
Of three consecutive cycles of equilibration with 0.01 M KNO3, most of phenol and Cu(II) were 
remobilized to the solution phase during the first and second desorption cycles (Table 5). After three 
cycles, 81.3% of phenol and 75.2% of Cu(II) were the total desorbed amounts from Z16-Mt (Table 5). 
The easy desorption of contaminants are of benefit for the gathering of both contaminants, especially 
for the recycling of Cu(II).  
Although some other modified montmorillonites had been used to remove phenol or Cu(II) from water 
(Table 6), OMt that could simultaneously adsorb phenol and Cu(II) were seldom reported. Compared 
to these reported montmorillonite-based adsorbents, Z16-Mt as a low-cost and rapid adsorbent shows 
comparable adsorption capacities toward both phenol and Cu(II). Therefore, Z16-Mt could potentially 
be used as a novel adsorbent in the wastewater treatment.  
 
4. Conclusions 
The modification of a cationic surfactant (hexadecyltrimethyl-ammonium bromide, C16) and a 
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zwtterionic surfactant (hexadecylimethyl (3-sulphonatopropyl) ammonium, Z16) to calcium 
montmorillonite gave rise to two OMts, C16-Mt and Z16-Mt, respectively. Although two OMts had 
similar carbon content, their structures were quite different. The basal spacing of Z16-Mt was larger 
than that of C16-Mt, but the carbon packing density and hydrophobicity of Z16-Mt were lower than 
that of C16-Mt. What’s more, the calcium ion still existed in the interlayer spacing of Z16-Mt. The 
different structures resulted in different adsorption capacities toward phenol and copper. Both C16-Mt 
and Z16-Mt could effectively remove phenol from water, but the adsorption capacity of C16-Mt was 
slightly higher than that of Z16-Mt since C16-Mt had higher hydrophobicity than Z16-Mt. On the other 
hand, C16-Mt had much lower capacity in adsorbing Cu(II) as compared with raw montmorillonite. For 
Z16-Mt, however, the amount of Cu(II) adsorption was almost similar to raw montmorillonite, which 
was adsorbed by cation exchange with calcium ions. The adsorption equilibrium data of Cu(II) were 
better fitted with the Langmuir isotherm. For both contaminants, one did not affect the adsorption of 
the other one onto Z16-Mt and C16-Mt in both simultaneous and sequential adsorption systems, due to 
their different adsorption sites. Therefore, Z16-Mt could simultaneously adsorb phenol and Cu(II) and 
the adsorption kinetic followed the pseudo-second order model.  
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Figure Captions 
Fig. 1 Chemical structures of the surfactants used. (a) Cationic hexadecyltrimethylammonium 
bromide, denoted as C16; and (b) zwitterionic hexadecyldimethyl (3-sulphonatopropyl) ammonium, 
denoted as Z16. 
Fig. 2 X-ray diffraction patterns of raw montmorillonites and surfactant-modified montmorillonites. 
Fig. 3 TG curves of raw montmorillonite and surfactant-modified montmorillonites. 
Fig. 4 Infrared spectra in the methylene group vibration region for montmorillonites before and after 
surfactant modification. 
Fig. 5 Adsorption isotherms of phenol (a) and Cu(II) (b) on organo-montmorillonites. Both single-
solute adsorption results (donated as Z16-Mt and C16-Mt) and binary-solute simultaneous adsorption 
results (donated as Z16-Mt/b and C16-Mt/b) were presented.  
Fig. 6 Released amount of calcium from Z16-Mt with the adsorption of Cu(II) to Z16-Mt in the single 
system. 
Fig. 7 Effect of pH on adsorption capacity of Z16-Mt and C16-Mt toward phenol and Cu(II) (C0, Phenol 
= 150 mg/L; C0, Cu(II) = 60 mg/L). 
Fig. 8 Sequential adsorption results of phenol and Cu onto organo-montmorillonites: (a) adsorption of 
phenol in “Cu-Phenol” system (i.e. first Cu and then phenol); (b) released amount of Cu(II) with the 
adsorption of phenol in “Cu-Phenol” system; (c) adsorption of Cu in “phenol-Cu” system (i.e. first 
phenol and then Cu); (d) released amount of phenol with the adsorption of Cu in “phenol-Cu” system. 
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Table 1 Characterization results of original montmorillonite and organo-montmorillonites. 
Samples 
Δd 
(nm) 
Mass loss (wt. %) 
foc (%) 
ρ 
(g/cm3) 
Ca (%) Ca/Si 
Wa 
(mg/g) 30–200 °C 200–550 °C 
Ca-Mt 0.53 15.75 1.35 0.05 - 2.84 0.049 142.14 
C16-Mt 1.24 4.97 27.55 20.10 0.67 Trace - 19.05 
Z16-Mt 3.47 7.29 28.90 19.88 0.34 2.00 0.048 34.48 
Δd: interlayer spacing for the samples, obtained by subtraction of the thickness of the clay layer from 
d001; foc: organic carbon content; ρ: packing density of the intercalated surfactants, calculated 
according to Zhu et al (2008); Wa: the amounts of water adsorbed on samples under the saturated 
water vapor pressure after 72 h at room temperature. Trace: The contents were lower than the 
detection limit of CaO (0.007%).
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Table 2 Linear regression data for the adsorption isotherms of phenol in single and simulation system 
onto the organo-montmorillonites. 
 Linear equation R2 Kd (L/kg) Koc (L/kg) 
Z16-Mt Qe=0.072Ce 0.988 71.9 361.67 
C16-Mt Qe=0.135Ce 0.999 135.8 675.62 
Z16-Mt/b* Qe=0.076Ce 0.983 76.4 384.30 
C16-Mt/b Qe=0.121Ce 0.999 122.5 609.45 
* The adsorption isotherms of phenol on OMts in the simultaneous adsorption system were donated as 
Z16-Mt/b and C16-Mt/b, respectively. 
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Table 3 Langmuir and Freundlich equation parameters for the adsorption of Cu(II) on various 
adsorbents in single and simultaneous systems  
 
Langmuir model  Freundlich model 
Qm (mg/g) KL (L/mg) R2  KF n R2 
Ca-Mt 14.87 0.085 0.996  2.41 2.32 0.939 
Z16-Mt 14.15 0.082 0.989  2.15 2.31 0.977 
C16-Mt 2.94 0.050 0.950  0.51 2.89 0.949 
Z16-Mt/b* 14.12 0.079 0.994  2.26 2.52 0.988 
C16-Mt/b 3.75 0.026 0.981  0.37 2.33 0.932 
* The adsorption isotherms of Cu(II) on OMts in the simultaneous adsorption system were donated as 
Z16-Mt/b and C16-Mt/b, respectively. 
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Table 4 Kinetic parameters for simultaneous adsorption of phenol and Cu(II) onto Z16-Mt 
 
Pseudo-first order model  Pseudo-second order model 
qe (mg/g) k1 (1/min) R2  qe(mg/g) k2(g/mg·min) R2 
Phenol 7.09 1.74 0.989  7.23 0.554 0.996 
Cu(II) 7.57 1.69 0.985  7.72 0.514 0.999 
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Table 5 Desorption of adsorbed phenol and Cu(II) by repeated equilibration with 0.01 M KNO3 in the 
simultaneous system 
Adsorbates Amount adsorbed (mg/g) 
Amount desorbed (mg/g) 
% Desorbed 
1st 2nd 3rd Total 
Phenol 8.39 5.03 1.35 0.44 6.82 81.3 
Cu(II) 12.37 6.66 1.72 0.92 9.30 75.2 
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Table 6 Adsorption capacities of clays for the phenol and Cu(II). 
Adsorbents Adsorption 
capacity (mg/g) 
pH Concentration range (mg/L) References 
Phenol     
Z16-Mt 9.90 5 175 This study 
C16-Mt 13.76 5 175 This study 
Bentonite 1.712  25–500 [38] 
Amphoteric modified soil ～1.98 7.0–7.6 500 [39] 
HMBP-montmorillonite 19.76 6 141.2  [40] 
BHPD-montmorillonite 33.87 10 100  [41] 
CTAB-Al10-Bentonite 7.78 5.5 100 [42] 
Cu(II)*     
Z16-Mt 14.12 5 20-140 This study 
C16-Mt 3.75 5 20-140 This study 
Ca-Mt 14.87 5 20-140 This study 
HA/Ca-montmorillonite 15.25 5 12.8-160  [43] 
SDS-montrmorillonite 16.2 3 288-2880 [44] 
Fe-Montmorillonite 11.07 5.5 64  [45] 
Montmorillonite 28.8 5.7 10-50 [46] 
ZrO-montmorillonite 7.1 5.7 10-50 [46] 
TBA-montmorillonite 27.3 5.7 10-50 [46] 
*The adsorption amounts of Cu(II) are the Langmuir adsorption capacity. 
 
